Three-dimensional (3D) design and manufacturing enable flexible nanomembranes to deliver unique properties and applications in flexible electronics, photovoltaics, and photonics. We demonstrate that a quantum well (QW)-embedded nanomembrane in a rolled-up geometry facilitates a 3D QW infrared photodetector (QWIP) device with enhanced responsivity and detectivity. Circular geometry of nanomembrane rolls provides the light coupling route; thus, there are no external light coupling structures, which are normally necessary for QWIPs. This 3D QWIP device under tube-based light-trapping mode presents broadband enhancement of coupling efficiency and omnidirectional detection under a wide incident angle (±70°), offering a unique solution to high-performance focal plane array. The winding number of these rolled-up QWIPs provides well-tunable blackbody photocurrents and responsivity. 3D selfassembly of functional nanomembranes offers a new path for high conversion efficiency between light and electricity in photodetectors, solar cells, and light-emitting diodes.
INTRODUCTION
Self-assembly of inorganic nanomembranes (1, 2) offers great opportunities to build up micro-and nanoscale devices in three-dimensional (3D) geometry (3, 4) . A flat nanomembrane can be mechanically wrinkled, rolled, twisted, and stretched (4) for various applications, such as stretchable electronics (5), micro-and nanorobotics (6) , bioinspired microsystems (7), 3D photonics (8, 9) , and flexible and wearable sensor systems (10) (11) (12) . Bioinspired digital cameras (7) and spherical solar cells (13, 14) are typical examples of using 3D designs in optoelectronic and photovoltaic applications. Photodetectors, especially infrared detectors, which provide another application in optoelectronics, are widely used in daily life and for research studies. Quantum well (QW) infrared photodetectors (QWIPs), which are third-generation infrared detectors, have attracted much attention (15, 16) because of the advantages of matured material growth technique and good content uniformity over a large area (17) . However, the low quantum efficiency of QWIPs due to the intrinsic intersubband transition (ISBT), as compared with that of direct bandgap transition infrared detectors (for example, HgCdTe photodetectors), results in a relatively low responsivity and detectivity. In addition, only the incident light with an electric field parallel to the QW stacking direction can be absorbed by QWIPs, according to the socalled polarization selection rule (15, 17) . Therefore, various optical grating and arrayed coupling designs have been developed to enhance the light absorption efficiency of QWIP devices (18) (19) (20) (21) (22) (23) (24) .
Here, we demonstrate that QW-embedded nanomembranes without a light coupling design can self-roll up and form 3D infrared photodetectors with enhanced responsivity and detectivity. These self-rolled-up photodetectors present omnidirectional detection under a wide incident angle of ±70°. Broadband enhancement of coupling efficiency is observed in this tube-based light-trapping system. Rolled-up QWIPs with various winds exhibit well-tunable photocurrents and responsivity. 3D assembly and architecture enable nanomembranes to function with high conversion efficiency between light and electricity, which could suggest other applications in some devices, such as solar cells and light-emitting diodes, and can be adapted to different detection mechanisms and various material systems for enhanced photodetection.
RESULTS AND DISCUSSION
3D tubular QWIPs were produced from 2D planar QWIP nanomembranes on the basis of rolled-up nanotechnology. The planar QWIP nanomembrane was made of single crystalline III to V semiconductors and grown by metal-organic chemical vapor deposition (MOCVD). It is composed of a GaAs substrate, an AlAs sacrificial layer, an InAlGaAs strained layer, a GaAs bottom contact layer, a thin AlAs corrosion block layer, a GaAs/AlGaAs QW functional layer, a GaAs conductive layer, another AlAs corrosion block layer, and a GaAs top contact layer (see Materials and Methods and fig. S1 for details). As shown in Fig. 1A , this multilayered QWIP nanomembrane rolled up and formed a 3D tubular architecture because of the strain relaxation of released nanomembranes after removing the underneath AlAs sacrificial layer. Metal electrodes (AuGe/Ni/Au) were deposited on the top and bottom contact layers to enable an electrical access (see fig. S1 ). In the GaAs/AlGaAs QW functional layer, the ISBT from the QW's ground state to the first excited or continuum state in the conduction band is shown in Fig. 1B . The InAlGaAs strained layer is also designed to guarantee electrical insulation between the top and bottom layer at the next winding, when a tubular architecture with multiwinding is actualized. An optical image of the final 3D tubular QWIP device is shown in Fig. 1C , in which it is expected that the photocurrent is generated under a bias as long as it is illuminated by infrared light.
3D tubular QWIPs with one winding were adopted for infrared imaging test. They were mounted in a variable-temperature dewar cooled by liquid helium, and the photocurrent response spectra were obtained using a Fourier transform infrared (FTIR) spectrometer (Nicolet 6700).
The incident light is radiated from a thermal source and thus unpolarized. The dark current density was measured under various bias voltages at 60 K, as shown in Fig. 1D . Note that an asymmetric spectrum is observed due to a high barrier generated by the AlAs corrosion block layer adjacent to the bottom contact (also see Fig. 1B ), which obstructs the tunneling of the dark current at a negative bias. Because of the same reason, this barrier results in the absence of the photocurrent at a negative voltage (see fig. S2 ). Hence, the working voltage of 3D tubular QWIPs is set from 0.25 to 1.0 V. The spectral responsivity of the photocurrent under a fixed positive bias of 0.65 V at 60 K, where two absorption peaks exist, is shown in Fig. 1E . The main absorption peak (peak B) is located at about 6.5 mm, corresponding to the ISBT from QW's ground state to the first excited state, whereas the secondary absorption peak (peak A) of around 5.5 mm originated from the ISBT between the ground state and the continuum state. In addition, the spikes on the responsivity spectrum are also observed and result from atmospheric absorption (see the details in fig. S3 ). To demonstrate the device stability, an infrared blackbody photocurrent image is achieved by point-by-point scanning of the S and H letters, as shown in Fig. 1F , using the 3D tubular QWIP operating under a bias of 0.65 V at 60 K (see Materials and Methods). QWIPs with a grating structure have been widely used for infrared focal plane array (FPA) (18) (19) (20) (21) (22) (23) (24) , in which the incident light is vertically shone on the structured surface to achieve the maximum coupling efficiency. However, as the incident angle tilts, the infrared current response degrades and the effective visual range becomes narrow (23) . Then, by rotating a blackbody source around the 3D tubular QWIP, as shown in Fig. 2A , the 3D tubular QWIP device presents almost an incident angle-independent blackbody responsivity (see Fig. 2B and Supplementary Materials for details), which is a constant of~30 mA/W within the incident angles ranging from −70°to +70°, and drops tõ 6 mA/W at ±90°angles, which may be due to the shadow effect of other 3D QWIPs on the same substrate. Therefore, an omnidirectional coupling characteristic of the 3D tubular QWIP device is demonstrated, owing to its circular symmetric geometry.
To clarify performance enhancement, these rolled-up 3D tubular QWIP devices are compared with the planar QWIPs in the geometry of a 45°edge facet (see fig. S5 ). We designed and grew two types of samples that have different absorption peaks: one has the main absorption peak l p = 6.5 mm (see the detailed design in Materials and Methods), and the other has l p = 3.6 mm (see the Supplementary Materials for details). Their spectral responsivities are plotted in Fig. 3A , showing that the peak responsivity of 3D tubular QWIPs (R pc_tube ) is much larger than that of the planar one under a 45°edge facet (R pc_45°) . For example, R pc_tube in the QWIP with l p = 6.5 mm reaches 381 mA/W and is 3.1 times larger than R pc_45°. This is due to the enhancement of the quantum efficiency h, which quantifies optoelectronic conversion capability and can be calculated by h = R pc /[qg photo (l/hc)] (17), where R pc is the measured spectral responsivity, g photo is the optical gain factor, l is the wavelength, q is the electron charge, h is the Planck's constant, and c is the speed of light under vacuum (see the Supplementary Materials for details). As shown in fig. S4 , the largest (peak) quantum efficiency of the 3D tubular QWIP is 7.2%, whereas that in the 45°edge facet QWIP is 2.5%. Approximately three times enhancement of the quantum efficiency is obtained by the 3D tubular QWIP. The same is true for a short infrared wavelength based on samples with l p = 3.6 mm, as shown in Fig. 3A and fig. S4 .
Note that the responsivity enhancement of these 3D tubular QWIPs is approximately wavelength-independent as shown in Fig. 3B , where the ratio of R pc_tube to R pc_45°i s plotted. For 3D tubular QWIPs with l p = 6.5 mm, the average ratio is around 3.1, whereas it is about 3.3 for 3D tubular QWIPs with l p = 3.6 mm. As for the small variation of the ratio, it may be due to a constructive interference when light transmits through the microtube's wall and repeatedly bounces back to the inner surface of the microtube's wall. As far as we know, only QWIPs with a Brewster angle geometry (25) or an edge facet waveguide structure (26) show such a non-wavelength-selective character at a price of low responsivity. Therefore, the responsivity-enhanced 3D tubular QWIPs could be advantageous in multicolor (27) and broadband infrared detections (28) .
To understand the enhancement mechanism of the responsivity in 3D tubular QWIPs, numerical simulations based on the finite element method were carried out (see Materials and Methods). The simulated electric field distribution at the main peak of 6.5 mm when a horizontally polarized incident light is applied is shown in Fig. 3C . No obvious optical whispering-gallery modes were observed in the microtube wall, which are normally the signature of rolled-up tubular resonators (8) . It is due to the fact that the microtube wall (total thickness is around 210 nm) is too thin to confine light with such a long infrared wavelength (6.5 mm). However, in return, a wavelength-independent enhancement in the responsivity of 3D tubular QWIPs is preserved. Although the infrared light cannot be confined in the microtube wall, the tube geometry can trap the light in the hollow core as a result of repeated reflection at the microtube wall/air interfaces (shown in Fig. 3D , where F 1 to F 3 are multiple reflections). At each reflection, a certain portion of the infrared light with an electric field component perpendicular to the microtube surface can be absorbed by the embedded QWs, thus contributing to the photocurrent. In contrast, there are only double absorptions of the infrared light by the embedded QWs of planar QWIPs in the geometry of a 45°edge facet (see fig. S5 ). As a result, the multiple reflections in 3D tubular QWIPs lead to an enhanced average electric field inside the QW nanomembrane compared to that inside 45°edge facet QWIPs, which agrees with the simulated results (see the Supplementary Materials for details). Hence, the enhanced responsivity in 3D tubular QWIPs originated from multiple reflection of the infrared light in the hollow core.
To investigate the winding effect on the device performance, 3D tubular QWIPs with various windings were fabricated and tested with a similar diameter in the range of 42 ± 4 mm (see fig. S8 ). Three typical rolled-up 3D tubular QWIPs with winding numbers of 0.6, 1.3, and 2.1 are shown in Fig. 4A (from left to right). Here, we simply assumed a spiral cross-section for 3D tubular QWIPs so that the winding numbers n = L/pD, where L is the rolling distance and D is the diameter. As shown in Fig. 4A , there is an uncontrollable variation in diameter D along the very long tubular QWIPs, which results in the variation of (Fig. 4A, left) are not closed tubes and are bent with the same curvatures (that is, a tube with a fractional winding number); however, they are of infrared-active response. The peak value of blackbody photocurrent and the ratio of the blackbody responsivity of a 3D tubular QWIP (R bl_tube ) to that of the corresponding 45°edge facet QWIP (R bl_45°) are summarized in Fig.  4B . It is clearly shown that the blackbody photocurrent linearly increases with the winding number, whereas the ratio of R bl_tube /R bl_45°i s inversely proportional to the winding number because the blackbody responsivity is directly proportional to the electric field intensity |E| 2 , according to the analysis (see the Supplementary Materials for details). Thus, the decrease of the blackbody responsivity ratio is due to the decrease of the radial electric field intensity |E r | 2 . Our simulation results shown in Fig. 4C show that the simulated average radial electric field |E r | decreases when the winding number of rolled-up devices increases (see the arrow in Fig. 4C ). One possible reason for this phenomenon is that less incident infrared light can pass through a thicker wall in such a tubular device. As a result, less photon enters into the QW layer and contributes to the photocurrent. Another possible reason is that the incident infrared light can decay when it passes through the tube walls because of the absorption. The outer winding layer can absorb more light compared to the inner windings. Although the blackbody photocurrent increases, the photocurrent per nanomembrane area (that is, the blackbody responsivity) decreases. This winding capability of 3D tubular QWIPs inspires flexible design of an infrared detection system for optimized performance.
Note that there exists a curvature-induced strain in 3D tubular structures during the rolled-up process (29) , which can be divided into two cases: (i) from the flat layer to the rolled-up one and (ii) from the first rotation to the second one and more. In our tubular QWIPs with a 42-mm diameter, the former leads to a 0.32% strain on the embedded QWs, which results in a red shift of~50 nm in the photocurrent responsivity spectrum, and the latter could induce 0.0034% more strain with one more rotation, which is too weak for the band offset shift (see the Supplementary Materials for details).
Note that QWIP nanomembranes with few QW periods were adopted to demonstrate the enhancement mechanism in a rolled-up geometry. However, typical planar QWIP devices composed of many QWs with a proper waveguide and coupling structure present better performance of infrared detection. We believe that the mechanism of enhancement for QWIPs in a rolled-up geometry could be combined with other enhancement mechanisms already developed. Therefore, one could roll or bend optimized planar QWIP waveguide structures to increase the performance of QWIPs in 3D geometry, which could be possible because of the customizability and development of nanomembrane nanotechnology (2, 4).
CONCLUSION
We successfully roll up QW-embedded nanomembranes into a tube and demonstrate a 3D tubular infrared detector without an extra light coupling system. An intrinsic omnidirectional coupling characteristic is observed owing to its circular symmetric structure, which enables 3D tubular QWIPs to take advantage of a wide visual field and provides benefit to the design of an infrared FPA imaging system. In addition, a light-trapping enhancement (approximately three times) of their photocurrent responsivity in a broad infrared wavelength range (3 to 8 mm) is achieved and can be applied to multicolor or broadband infrared detectors. These 3D tubular QWIPs present increased blackbody photocurrents with winding layers but reduced blackbody responsivity. Under a rolled-up geometry, QWIPs composed of many QW periods could perform improved infrared detections with assistance of a proper waveguide and coupling structure. Our results suggest that selfassembly of functional nanomembranes offers great potential for 3D designs of unique devices at small scales.
MATERIALS AND METHODS
Layer growth A flat strained QWIP nanomembrane was grown by MOCVD. As shown in fig. S1 , a 30-nm-thick AlAs sacrificial layer was first deposited on the semi-insulating GaAs (100) substrate. Then, consecutively deposited functional layers consisted of a 20-nm In 0.2 Al 0.2 Ga 0. 6 As strain layer, a 60-nm GaAs bottom contact layer with an n-doping of 1 × 10 18 cm −3 , a 2-nm AlAs etching barrier layer, and a QW-structured absorbing layer with two periods. The QW absorbing layer per period was composed of a 30-nm-thick Al 0.38 Ga 0.62 As bottom barrier, a 4-nm GaAs potential well with an n-doping of 5 × 10 11 cm
, and a 30-nm Al 0.38 Ga 0.62 As top barrier. Then, a 30-nm n-doping (n = 1 × 10 18 cm −2
) GaAs conductive layer for external current transport was deposited underneath a 2-nm AlAs etching barrier layer. A 190-nm n-doped (1 × 10 18 cm −3 ) GaAs top contact layer was grown as the ending layer in our layer design.
Device assembly 3D tubular QWIPs were formed from the flat strained QWIP nanomembrane on the basis of rolled-up nanotechnology, as shown in fig.  S1 . First, the top contact was created by selective shallow wet chemical etching of the top GaAs and AlAs layers in a citric acid/H 2 O 2 mixture with a volume ratio of 4:1 and in HF acid (10%) diluent, respectively. Then, the QW layer was patterned to a size of 900 mm 2 × 680 mm 2 in a citric acid/H 2 O 2 mixture with a volume ratio of 10:1. After removal of the next AlAs layer using the 10% HF acid diluent, the bottom contact was exposed. Next, AuGe/Ni/Au (100 nm/20 nm/400 nm) metal films were sequentially deposited by electron beam evaporation, and the ohmic metal electrodes were filled after a rapid thermal annealing process. Subsequently, a deep wet chemical etching to the GaAs substrate was performed to form a starting edge in a nonselective K 2 Cr 2 O 7 /HBr/ acetic acid solution with a volume ratio of 1:2:1. At this time, the lowest AlAs sacrificial layer was selectively etched away in a HF acid (15%) diluent, and the strained QWIP nanomembrane rolled up and formed, in the end, a microtube. Last, the critical point dryer was used for the cleaning of fragments and residues and for the drying of the microtube. A constructed microtube (that is, 3D tubular QWIP device) is shown in Fig. 1C . The lateral dimension of the microtubes is 900 mm 2 × 16 mm 2 for the 3.6-mm device and 900 mm 2 × 42 mm 2 for the 6.5-mm device. Note that both tubular and flat QWIPs are of infrared-active response. In the rolled-up tubular one, the strained insulating layers guarantee the correct contact under certain bias even with multiple windings.
Optical simulation
Optical simulation was performed based on the finite element method using the COMSOL Multiphysics software. Because the incident light goes perpendicular to 3D tubular QWIPs, a 2D simulation in the plane of incidence was sufficient. The tubular QWIP device with the main absorption peak at 6.5 mm was taken as the example, which was rolled up from a nanomembrane with a thickness of 210 nm into a microtube with a 42-mm diameter after one winding. The dielectric function of the nanomembrane was obtained by fitting the absorbing spectrum.
Infrared imaging
An infrared opaque panel was drilled through a center and formed a hollow contour of the S and H letters, which were taken from "ShangHai." Then, this patterned opaque panel was fixed in front of a blackbody 
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